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Introduction
Failures of protein folding processes are a major bottle-
neck in the biotechnology industry and in biomedical
research laboratories, and an important form of pathology
of human disease. The need to prevent off-pathway asso-
ciation appears to be a key factor accounting for the ubiq-
uitous occurrence of chaperonin proteins in cells of all
species. Investigations of folding pathways under biologi-
cally relevant conditions in which productive folding com-
petes with off-pathway aggregation reveals that the ability
to avoid aggregation reactions is also directly encoded in
amino acid sequences.
As biologically evolved proteins are synthesized on ribo-
somes, which function within cells, amino acid sequences
and folding pathways must have evolved to function within
intracellular environments. In the decades following early
studies of the in vitro refolding of ribonuclease it has been
difficult to study polypeptide chain folding pathways within
cells. The Salmonella typhimurium phage P22 tailspike
protein was the first protein for which in vivo intermediates
could be directly identified, and for which mutants were
isolated that directly interfered with in vivo chain folding
[1–3]. The ability to examine intracellular folding pathways
was instrumental in revealing the nature of inclusion body
formation as the off-pathway polymerization of folding
intermediates. With the development of conditions for the
refolding of the tailspike from the fully denatured state by
Seckler and colleagues [4], it became possible to directly
compare the in vitro refolding pathway with the in vivo
folding pathway, including misfolding and aggregation.
Structure of the tailspike adhesin
The tailspike is the product of gene 9 of bacteriophage P22
(Figure 1a), which infects S. typhimurium. The tailspike
recognizes, binds and cleaves the O-antigen lipopolysac-
charide projecting from the S. typhimurium outer mem-
brane. The newly synthesized 666-residue polypeptide
chain folds within the cytoplasm of host cells. No prote-
olytic cleavage, glycosylation, phosphorylation or other
covalent modification — other than disulfide bonds —
have been found. Although there are no disulfide bonds in
the native protein, interchain disulfide bonds are formed
and then reduced in the protrimer folding intermediate
both in vivo and in vitro [5], as described below. 
The three-dimensional structure of the tailspike was solved
by Steinbacher and colleagues, initially for a C-terminal
fragment containing residues 109–666 [6] (Figure 1b). Sub-
sequently the N-terminal domain from residues 1–124 has
been crystallized and the structure solved [7]. In addition,
the tailspike has been cocrystallized with its substrate
lipopolysaccharide (LPS) at the active site, providing the
first three-dimensional structure of an LPS molecule [8,9]. 
Three elongated tailspike subunits line up side-by-side
to form the native trimer (Figure 1b). The three
N termini are located at the end of the trimer that binds
to the phage capsid, while the three C termini are some
20 nm away at the distal end. The polypeptide chain of
each monomer is folded into four β-sheet domains or
motifs. The first 100 amino acids form an antiparallel
highly twisted β sheet. The polypeptide residues
143–540 form a right-handed parallel β coil consisting of
13 coils (Figure 1c). The solvent-exposed long face of the
β-coil domain forms the binding site for the host LPS
receptor. The β-coil region terminates and the chains of
each monomer then wrap around each other to form an
interdigitated β sheet. The three mixed β sheets together
form a mixed β-coil structure (Figure 1b; right). After
residue 620 the three chains separate from each other and
form a caudal C-terminal β sheet (Figure 1c). 
Within the buried core of the repetitive β-coil, sidechains
in consecutive coils are oriented similarly and their close
association gives rise to sidechain stacks or ladders, as orig-
inally described by Yoder, Keen and Jurnak [10] for
pectate lyase C. Sidechain stacks, both hydrophobic and
hydrophilic, are a ubiquitous feature of all known β-coil
structures [11] and are likely to have a critical role during
the alignment of β strands in a nascent β coil.
Both the native and thermally denatured states of the tail-
spike have been studied using Raman spectroscopy. An
unusual feature of the Raman spectra is the presence of
vibrational bands, which have been assigned to strongly
hydrogen bonded thiols [12] (S Raso, P Clark, JK and
GJ Thomas Jr, unpublished results).
Intracellular folding pathway
Because phage-infected cells express lysozyme, they can
be quickly lysed under native-like conditions. Tailspike
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Figure 1
Structure of the P22 tailspike adhesin.
(a) Electron micrograph of a P22 particle
illustrating the projecting tailspike trimers.
(b) The N-terminal region of the tailspike
trimer (residues 1–109) and head-binding
domain at 2.6 Å resolution [7] (left) and the
C-terminal fragment (residues 109–666) at
2 Å resolution [6] (right). The three monomers
are shown in different colors. Below is shown
an axial view illustrating residues 143–197 of
each subunit (single-chain β coils) and
residues 538–564 of each subunit
(intertwined β coil). Residues essential for
endorhamnosidase activity (Glu359, Asp392
and Asp395) are located on the solvent-
exposed face of each β coil. (c) The tailspike
subunit resembles a fish: the N-terminal
domain is the head (residues 1–108, not
pictured); the parallel β coil is the body; and
the C-terminal domain forms the mixed
β sheet and the caudal fin. Between the third
and fourth coils a loop of 64 amino acids
(residues 197–260) forms the dorsal fin
subdomain, and there is also a large loop that
forms a ventral fin. The coordinates were
obtained from R Seckler (C-terminal trimer)
and the PDB (1lkt and 1tsp) [44]. (The
structures were displayed using MacImdad
graphics software.)
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folding and assembly within cells has a t1/2 in the order of
5 min at 30°C, and monomeric and trimeric intermediates
are sufficiently long-lived in the cold to permit physical
separation by gel electrophoresis at low temperatures [1].
By incorporating radioactive label into newly synthesized
phage proteins, the partially folded monomer, protrimer
and native tailspikes could be detected against the back-
ground of cellular proteins. As a result it has been possible
to monitor intracellular folding and assembly intermedi-
ates in rapidly lysed samples of infected cells. 
Also useful is the resistance of the native conformation of
the tailspike to dissociation by sodium dodecyl sulfate
(SDS) [13]. Folding and assembly intermediates — which
are dissociated by SDS without heating — can be differ-
entiated from their own native, trimeric, SDS-resistant
state (Figure 2a; left lane). Polypeptide chains that fail to
fold correctly accumulate as insoluble inclusion bodies
and are detected in the pellet fraction of the cell lysate
(Figure 2a; right lane). The ability to resolve these species
against the background of cellular proteins in phage-
infected cells has made it possible to follow the kinetic
partitioning of tailspike intermediates between native
trimers and insoluble inclusion bodies (Figure 2b; lower
right panel). 
Figure 3 summarizes the competing folding and inclusion
body pathways for tailspike polypeptide chains in vivo. After
release from ribosomes the newly synthesized chain forms a
partially folded intermediate [I], which can be trapped in
the cold. Experiments with temperature-sensitive folding
(tsf) mutants and the in vitro refolding intermediates indi-
cate that the parallel β coil is predominantly formed in this
early stage [14]. This intermediate folds further to a species
capable of chain–chain recognition and can associate into
the protrimer [1,3,15]. However, as the temperature of
folding increases, the partially folded monomer transforms
to an off-pathway species [I*], which polymerizes into the
kinetically trapped inclusion body state [16,17].
The protrimer is a folding and assembly intermediate in
which the chains are associated but not fully folded. This
must be the intermediate in which the chains are brought
into proper register for the wrapping around of the chains
to form the interdigitated β sheets. This species migrates
more slowly than the native trimer through both polyacryl-
amide gels and size-exclusion columns, presumably repre-
senting its increased radius of gyration. The protrimer
then folds further to the native SDS-resistant thermostable
trimer. This last reaction does not proceed in the cold so
that the protrimer can be trapped at low temperature. 
Thermolabile folding intermediates and inclusion body
formation
Although the native tailspike has a melting temperature
(Tm) above 80°C, the yield of native trimer is very sensitive
to the temperature of folding, both in vivo and in vitro. As
the temperature increases, the fraction of chains that reach
the native state decreases. At 42°C — more than 40°C
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Figure 2
Tailspike folding, assembly and aggregation in phage-infected cells.
Cultures of Salmonella typhimurium were infected at 39°C with P22
phage. After pulse-labeling with 14C-labeled amino acids, culture
samples were chilled, fractionated and analyzed by SDS polyacrylamide
gel electrophoresis and autoradiography. (a) Autoradiogram of
supernatant and pellet fractions. The positions of tailspike polypeptide
chains are indicated: (s) native tailspikes; (l) soluble, partially folded
species; (l) inclusion bodies. Only a few proteins are detected due to
inhibition of host protein synthesis by the phage and phage mutations
that block capsid assembly and delay lysis. (b) Kinetic analysis of in
vivo tailspike folding and inclusion body formation at 39°C. Separate
cultures were infected with the indicated wild-type and mutant phage
strains. The graphs use the same symbols as described in (a). Upper
left, tsf mutant; lower left, suppressor (su) alone; upper right, tsf/su
double mutant; lower right, wild-type. Note that the suppressor mutation
alone gives twice the yield of native protein as the wild-type. (The figure
was reproduced from [27] with permission.)
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below the Tm of the native trimer — the in vivo yield is
reduced to 10–15%, and the in vitro yield is undetectable.
Haase-Pettingell and King [16] followed tailspike folding
in pulse-labeled S. typhimurium cultures and showed that
partially folded intermediates chase into inclusion bodies
with kinetics similar to those of productive folding and
association to the native state (Figure 2b).
The early partially folded monomeric intermediate [I] is
the temperature-sensitive species apparently providing
the junction between productive and off-pathway folding.
By shifting cells from restrictive to permissive tempera-
tures it is possible to rescue the early folding intermedi-
ates, which then reach the native state. In fact the yield of
refolded tailspike can be significantly increased by allow-
ing refolding to proceed for a few minutes in the cold,
before raising the temperature to the physiological range
[18]. We envisage an equilibrium between productive [I]
and a partially melted or perturbed [I*] species that
cannot successfully associate into the protrimer (Figure 3).
The prevalence of the tsf mutations in the β-coil domain
(see below) argues that it is the formation of the parallel
β coil that is thermolabile.
Presumably the initiation of the inclusion body pathway
by partial melting of thermolabile intermediates is a
general mechanism for the failure of protein folding at
high temperatures, and the molecular basis of the heat
shock response. The importance of the junction between
productive and off-pathway association was revealed most
clearly by the isolation of a class of single amino acid sub-
stitutions that affected the junctional intermediate.
Temperature-sensitive folding mutations
A large set of tsf mutants that result from amino acid sub-
stitutions in gene 9 have been isolated and characterized
[2,3,19–21]. This class of mutants is distinguished from,
for example, the ts mutants of T4 lysozyme, which appear
to have a lower Tm for the native state. At permissive tem-
peratures tailspike chains containing tsf mutations fold
and assemble into native tailspikes. These mutant pro-
teins are correctly folded, bind and hydrolyze LPS and
exhibit full biological activity [17,19,21,22]. 
The Tm values of correctly folded and assembled mutant
tailspikes carrying tsf and other substitutions are shown in
Table 1. The tsf amino acid substitutions of the tailspike
clearly have little or no effect on the thermostability of the
mature trimer. The phenotype is striking: when released
from the ribosome at restrictive temperatures, these
chains are unable to reach the native state, even though
the temperature is more than 40°C below the Tm of their
own native form (Figure 2; upper left panel). A similar
result holds for the in vitro refolding for the tsf mutant
chains [15,23]. Thus the pathway is under kinetic and not
thermodynamic control.
This class of mutation has been isolated at more than 60
sites in the tailspike [21,24]. All of these mutations map in
the parallel β-coil region of the tailspike. The locations of
62 of these mutations are shown in Figure 4. Of these,
nine sidechains point into the hydrophobic core of the
β coil, and the remaining 53 are surface-exposed or
located within surface loops, such as the dorsal fin. Seven-
teen tsf mutations are located in the 64-residue dorsal fin,
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Figure 3
Competing folding and inclusion body pathways. The single-chain intermediate [I] is the junctional thermolabile intermediate at the branch-point
between the productive and inclusion body pathways. The protrimer has interchain disulfide bonds [5]. For further details see text. 
We do not have permission to reproduce 
this figure electronically.
a mutational hotspot. Overall, tsf sites are distributed
equally among β-sheet residues (18% or 23 of 131 β-sheet
residues) and non β-sheet residues (15% or 39 of 267 non
β-sheet residues). We think of these mutants as identify-
ing sites that are kinetically critical for the folding and
chain registration of the parallel β coil. 
One simple model for the tsf mutations is that they lower
the Tm of the junctional folding intermediate [I], which
then converts to the [I*] species at a lower temperature.
Seckler and colleagues have examined the effects of tsf
mutations on the stability of a recombinant tailspike β-coil
fragment missing both head (N-terminal) and tail (C-ter-
minal) domains. This isolated β coil, designated Bhx (for
β helix), is highly unstable and aggregates in vivo.
However, the refolded fragment binds LPS and forms
trimers in vitro, indicating that it contains a native-like
β coil. Refolded Bhx is destabilized by two dorsal fin tsf
mutations, consistent with the model that tsf mutations
destabilize the β helix in an early folding intermediate.
Global suppressor mutations
As the tsf mutations prevent the growth of the phage,
second site suppressors which correct these folding
defects can be efficiently isolated [25]. The same two
mutants have been repeatedly isolated, independently of
the starting site: Val331→Ala and Ala334→Val [26]
(Figure 4). These amino acid residues are located in a
β strand in the sixth turn of the β coil. Val331 points out
from the parallel β sheet, and Ala334 points in. The sup-
pressor substitutions have very little effect on the stability
of the native trimer, as determined by calorimetry
(Table 1) or other procedures [27]. However, when com-
bined with the tsf folding mutants they effectively correct
the folding defect (Figure 2; upper right panel) and return
the mutant chains to the wild-type level of native trimer.
The increase in yield is quite dramatic. The global sup-
pressor mutations also improve the folding efficiency of
the wild-type protein (Figure 2; lower left panel). These
results indicate that the global suppressors rescue chain
folding by keeping the intermediates from the kinetically
trapped inclusion body pathway.
Yu and coworkers [28] generated chains with each amino
acid at the two suppressor sites and showed that the sup-
pressor phenotype depends on the substituted amino acid,
and not the loss of the wild-type sidechain. Only glycine
or alanine at the 331 site, and isoleucine or valine at the
334 site gave the suppressor phenotype [28]. 
In vitro studies of the global suppressors are consistent
with these substitutions either increasing the thermosta-
bility of the intermediate or inhibiting self-association into
the inclusion body state. We prefer a form of the latter
model in which the sixth strand of the β sheet is involved
in the initiation of inclusion body polymerization. 
The alternative formulation is that the suppressor muta-
tions act by stabilizing the β-coil domain in the junctional
intermediate [I]. Characterization of β-coil fragments con-
taining one of the four suppressor substitutions revealed
that each mutation increased the stability of the β-coil
domain in equilibrium denaturation experiments [29].
In vitro refolding pathway
Seckler and colleagues have characterized tailspike
folding in vitro [4,14,15,23,30,31]. These experiments
established that 213,000 Da native tailspikes could fold to
the biologically active native state in the absence of any
cellular components. Tailspikes purified from phage-
infected cells were dissociated and denatured in urea
(pH 3) or guanidinium (pH 7), and refolding was initiated
by dilution into low denaturant concentrations. Circular
dichroism and tryptophan fluorescence signals recovered
to near native levels within 30 min at 10°C. Analysis by
size-exclusion chromatography and polyacrylamide gel
electrophoresis demonstrated that the majority of chains
remained unassociated during this interval, indicating that
the parallel β coil forms in the partially folded monomer
intermediate. The partitioning of the partially folded
monomer down the inclusion body pathway occurs at a
lower temperature in vitro than in vivo, requiring a lower
temperature for productive in vitro refolding.
The in vitro studies of Brunschier et al. [31] established
the presence of a partially folded monomer, [M], which is
competent for chain association, followed by its associa-
tion into a trimeric, but not yet native, intermediate:
Unfolded→→[I]→[M]→→[Protrimer]→Tailspike
This pathway is very similar to the pathway deduced from
in vivo studies except for the new single-chain intermediate
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Table 1
Melting temperatures of tailspike mutants determined by
differential scanning calorimetry.
Tailspike variant Tm ± 0.3°C* Tm ± 0.3°C†
Wild-type 88.4 88.0
tsf Gly177→Arg 87.9
tsf Thr235→Ile 88.0
tsf Gly244→Arg 87.5 88.3
tsf Gly244→Arg/
su Ala334→Val 87.7
tsf Arg285→Lys 85.9
tsf Glu309→Val 87.8
tsf Gly323→Asp 88.5
su Val331→Ala 88.7
su Ala334→Val 88.2
tsf Arg382→Ser 83.2
*Sturtevant et al. [17]. †Mitraki et al. [27]. Tsf, temperature-sensitive
folding mutation; su, suppressor mutation.
[M]. This is the structured monomer deduced from spec-
troscopic analyses. It is also the first intermediate on the
pathway that, once formed at low temperature, resists off-
pathway self-association upon warming [15,18]. The par-
tially folded dimer intermediate between [M] and the
protrimer was recently identified [18]. These three partially
folded species can be seen directly in the western blot in
Figure 5a (left lane).
If the tailspike chain collapses initially into a molten
globule state, either it is a molten ribbon, rather than a
spherical intermediate, or else there is a major rearrange-
ment in the molten globule as it transforms to the
extended native fold.
Aberrant intermediates and off-pathway aggregation in vitro
After systematic exploration of a variety of separation tech-
niques, Speed et al. [32] found that off-pathway intermedi-
ates to the aggregated state could be fractionated and
recovered by native gel electrophoresis in the cold.
Figure 5a (right lane) shows the typical ladder of aggrega-
tion intermediates. These species represent multimeric
intermediates — partially folded dimers, trimers, tetramers
and pentamers — proceeding down the inclusion body
pathway [18,32–34]. Note that, for example, the trimeric
aggregation intermediate [3I*] (right lane) is distinguish-
able from the productive trimeric intermediate, the
protrimer (left lane). The gel in Figure 5b shows the iden-
tification of productive folding and off-pathway multimer-
ization intermediates in the same reaction mixture. As the
association reaction continues the off-pathway complexes
grow too large to enter the gel (Figure 5b; right lanes).
The methodology for resolving folding and aggregation
intermediates by native gel electrophoresis, and for their
detection using native western blotting, has been
described in detail [34]. The single-chain and protrimer
folding intermediates to the tailspike protein have also
been resolved by capillary zone electrophoresis [35]: the
partially folded intermediates are separated within
minutes and can be monitored directly, in real time.
Speed et al. [36] used the western blotting technique to
establish that the aggregation pathways were specific poly-
merization reactions. During refolding and aggregation of
mixtures of tailspikes and coat protein chains, each aggre-
gated only with its own species. This explains the high
specificity of inclusion body formation in vivo, which in
the biotechnology industry often serves as a very efficient
concentration and purification step.
We suspect this self-association of folding intermediates
was a property of primitive amino acid sequences and
accounts for the universal presence of heat shock chaper-
onins. Although presumably suppressed during evolution,
these self-association reactions nonetheless represent
essential aspects of polypeptide chain folding and not
simply adventitious side reactions. 
Transient disulfide bonds in the protrimer
The tailspike polypeptide chain has eight cysteine
residues: six are in the β-coil domain and two are in the
caudal fin. However, the native tailspike lacks disulfide
bonds in the crystal structure, as determined by X-ray dif-
fraction [6], and in solution, as determined by Raman
spectroscopy [12]. Within cells, tailspike chains are unable
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Figure 4
Distribution of tsf and suppressor mutations within the tailspike
subunit. Residues identified by tsf mutations (yellow spheres) are
needed for productive folding at the higher end of the temperature
range of cell growth, but are not needed for the stability of the native
state once attained (Table 1). These sites are restricted to the parallel
β-coil domain. Second-site mutations Val331→Ala and Ala334→Val
(red spheres) suppress many of the primary tsf defects and act as
global suppressors of inclusion body formation. 
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to reach the native state in the presence of thiol blocking
reagents such as iodoacetamide [5,37]. These agents react
covalently with the tailspike cysteine residues in both
intracellular and in vitro folding intermediates and block
formation of the native trimers. The thiol reagents only
react with folding intermediates, and not with the native
state. The intracellular reaction of iodoacetamide with
cysteine thiols in vivo was surprising as the intracellular
environment is reducing and cysteine thiols would not be
expected to be reactive under these conditions.
Separation of the protrimer intermediate and incubation
with dithiothreitol (DTT) revealed that interchain disul-
fide bonds were present in this intermediate [5]. These
bonds are reduced in the formation of the native trimer.
Examination of the native structure reveals that six cys-
teines — residues 613 and 635 of each of the three chains
— form a ring around the trimer axis near the transition
from the interdigitated sheets to the caudal sheets. It
seems likely that these residues are disulfide bonded in
the protrimer, and then reduced again to form the native
trimer. One possibility is that the disulfide bonds are
needed to keep the three chains in register and properly
oriented prior to the wrap-around step needed to form the
interdigitated β sheet.
Differences between in vivo and in vitro pathways
Tsf mutations in the P22 phage coat protein, which like
tailspike tsf mutations effectively prevent folding at
higher temperatures, are efficiently rescued by raising the
levels of the GroE chaperonin [38]. The level of GroE
does not affect tailspike yields, however. Tailspike chains
— presumably the [I*] species — are recognized by
GroEL, and the complexes can be recovered. However,
release of these chains apparently does not get them past
the off-pathway junction [31].
As non-native states can be distinguished from native
states in the tailspike, it was feasible to screen hybridomas
for antibodies that react with non-native states [39]. Using
these antibodies it has been possible to demonstrate the
sequential formation of native epitopes during refolding in
vitro [40]. In addition, by modifying the transfer protocol
for western blotting, so that the transferred species are not
denatured, it has been possible to screen the blot for
folding and aggregation intermediates [33,34].
A major difference between in vivo and in vitro protein
folding is the emergence of the nascent chain from the
ribosomes. Tailspike chains still bound to ribosomes can
be isolated from cell lysates (P Clark, C Haase-Pettingell,
G Mangiarotti and JK, unpublished results). The mono-
clonal antibody experiments suggest that the intermediate
that first exhibits a detectable epitope during in vitro
refolding, is in fact ribosome-bound in vivo [40,41]. Pre-
sumably the ribosome stabilizes the productive conforma-
tion or tethers the newly synthesized chains and
kinetically inhibits off-pathway association.
Conclusions
A surprising feature of the tailspike pathway is how slowly
the overall reaction proceeds; even though the parallel
β coil probably forms in seconds, the overall pathway still
takes many minutes. As this is true in vivo, it is not likely
to be due to proline isomerizaton or other artifacts of
denaturation and refolding. It seems likely that this is an
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Native gel electrophoresis of in vitro tailspike folding and inclusion body
intermediates. (a) Electrophoretic profiles of productive folding
intermediates accumulated in the cold (left lane) and aggregation
intermediates generated at 37°C and trapped in the cold (right lane). The
productive dimer and protrimer migrate faster than the corresponding
off-pathway intermediates 2I* and 3I*, respectively. The monomer
doublet (left lane; bottom band) may reflect different conformations for
the single-chain intermediates I, M and/or I*. Polypeptide chains were
visualized by western blotting. (The figure was adapted from [18] with
permission.) (b) The kinetics of tailspike chain refolding and aggregation
analyzed at 30°C with 100 µg/ml protein and 0.8 M urea in phosphate
buffer (pH 7.6). Polypeptide chains were visualized by silver staining. 
example of a native fold that is biologically efficient in
terms of overall stability and the construction of an elon-
gated binding site, but is perhaps very difficult to fold
into. In particular, the interdigitation reaction appears to
require complex staging. 
Both genetic and biochemical experiments establish that
inclusion body formation represents a specific self-associa-
tion pathway of an early folding intermediate. Because of
the competing off-pathway aggregation reaction, tailspike
refolding does not coincide with the unfolding transition
under equilibrium conditions, but displays hysteresis [42].
Note also that the thermal denaturation reaction occurring
at very elevated temperatures is not the reverse of the
folding reaction that occurs at physiological temperature
[43]. In addition, as there are no disulfide bonds in the
native state, denaturation is unlikely to be the reverse of
folding with respect to redox-sensitive steps.
In addition to amino acid residues that stabilize the native
states of proteins, mutants of the tailspike chain identify
two additional classes of information in the amino acid
sequence that influence the chain folding pathway. Tsf
mutants identify one class — sidechains necessary for
directing the partially folded chain past the junction to the
inclusion body trap at increased temperatures (35–42°C),
but not lower temperatures (18–25°C). These residues
make no contribution to the high stability of the native
state (Tm = 88°C). Global suppressor mutants identify a
second class of folding information — sidechains that
correct the folding defects of tsf mutations at many differ-
ent sites by inhibiting entry of the junctional folding inter-
mediate into the inclusion body pathway. These
mutations also have little effect on the native state. The
essential residues directing the chain into the parallel
β-coil fold are most likely the buried core residues of the
β-coil, many of which participate in sidechain stacks. Tail-
spike chains containing mutations that disrupt sidechain
stacks are unable to reach the native state. A set of these
sidechain stack mutants are currently under study using
the gel separation methodologies described above.
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